In many applications it has been found that the standard generalized gradient approximation (GGA) does not accurately describe weak chemical bond and electronic properties of solids containing transition metals. In this work, we have considered the intercalation material 1T-Li x TiS 2 (0 ≤ x ≤ 1) as a model system for the evaluation of the accuracy of GGA and corrected GGA with reference to the availabile experimental data. The influence of two different dispersion corrections (D3 and D-TS) and an on-site Coulomb repulsion term (GGA + U) on the calculated structural and electronic properties is tested. All calculations are based on the Perdew-Burke-Ernzerhof (PBE) functional. An effective U value of 3.5 eV is used for titanium. The deviation of the calculated lattice parameter c for TiS 2 from experiment is reduced from 14 % with standard PBE to −2 % with PBE + U and Grimme's D3 dispersion correction. 1T-TiS 2 has a metallic ground state at PBE level whereas PBE + U predicts an indirect gap of 0.19 eV in agreement with experiment. The 7 Li chemical shift and quadrupole coupling constants are in reasonable agreement with the experimental data only for PBE + U-D3. An activation energy of 0.4 eV is calculated with PBE + U-D3 for lithium migration via a tetrahedral interstitial site. This result is closer to experimental values than the migration barriers previously obtained at LDA level. The proposed method PBE + U-D3 gives a reasonable description of structural and electronic properties of 1T-Li x TiS 2 in the whole range 0 ≤ x ≤ 1.
Introduction
Rechargeable lithium ion batteries are commercially used for more than 20 years [1] . Research in the field of lithium ion batteries goes even back forty years, when Whittingham investigated layered TiS 2 as a cathode material [2] . Since then the suitability of various phases of TiS 2 as cathode materials have been studied many times both experimentally and theoretically. The most frequently studied phase is 1T-TiS 2 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] which crystallizes in the CdI 2 structure (space group P3 ̅ m1) and consists of titanium disulfide layers parallel to the ab plane. The layers have an AB stacking sequence and are connected mainly by van der Waals forces. Therefore various guest atoms can be intercalated between these layers, either at the octahedral position (Wyckoff site 1b) or at the tetrahedral 2d position [3, 8] . In the case of lithium, the octahedral position is energetically preferred. No phase transition has been observed for 1T-Li x TiS 2 within 0 ≤ x ≤ 1 at ambient temperature. Formally one Ti 4+ is reduced to Ti 3+ for each intercalated Li (assuming full charge transfer), which generates one unpaired electron per Li atom. The extra electron is inserted into the TiS 2 conduction band [20] which results in a metallic diamagnetic behavior at room temperature and a paramagnetic behavior at temperatures below 100 K [21] .
A large number of theoretical and experimental studies were performed to understand the lithium ion diffusion process in 1T-Li x TiS 2 [9, 10, 16, 18, 22, 23] . Migration barriers for the diffusion process have been determined experimentally via nuclear magnetic resonance (NMR) techniques and theoretically at densityfunctional theory (DFT) level. For x≈1, the composition considered in this study regarding lithium ion migration, the experimentally determined migration barriers are 0.26 and 0.48 eV [22, 23] , 0.31 eV [9] and 0.24 eV [10] . These values were obtained with different NMR methods and therefore do not necessarily describe the same migration process (see, e.g. refs. [24] [25] [26] ). Previously calculated activation barriers obtained for local migration processes via a tetrahedral site (pathway 1b→2d→1b′ where 1b′ is initially empty) are 0.70 eV and 0.42 eV [16] , depending on the occupation of surrounding 1b sites. In the theoretical study of Islam and Bredow an activation barrier of 0.75 eV was determined for the hopping mechanism to a tetrahedral position without lithium vacancy [18] . In the latter study direct diffusion via the center of a sulfur octahedron edge connecting 1b and 1b′ was also studied. The corresponding activation energies ranged from 0.45 to 0.49 eV [18] .
The accurate description of structural properties of 1T-Li x TiS 2 in the whole range of 0 ≤ x ≤ 1 represents a challenge for available theoretical methods. With standard DFT methods, the calculated lattice parameters -in particular the c lattice parameter -for x→0 [27] [28] [29] strongly deviate from experimental values [4] . This is mainly due to the local description of electron correlation with generalized gradient approximation (GGA) DFT which does not account for nonlocal effects such as London dispersion. A coincidental error cancelation occurs for local density approximation (LDA) calculations [16] . This deficiency of standard DFT has been remedied in the last years. Besides nonlocal vdW-DF [30] , basically two versions of dispersion correction are used in modern applications, either the D3 method by Grimme et al. [31, 32] , or the D-TS method by Tkatchenko and Scheffler [33] . For x→1, the London dispersion effects are not significant as the interaction between the TiS 2 layers and intercalated Li + is predominantly electrostatic. A second problem is the accurate theoretical description of the electronic structure of 1T-Li x TiS 2 . For x→0, the system is a semiconductor while for larger x it becomes metallic at room temperature [20] . Due to the self-interaction error, the standard GGA-DFT methods tend to underestimate experimental electronic band gaps and artificially delocalize unpaired electrons. This problem is reduced by Hartree-Fock DFT hybrid methods with a certain contribution of Hartree-Fock exchange in the exchange functional. However, the calculation of Hartree-Fock exchange is computationally demanding using plane-wave methods. Therefore simpler correction schemes such as LDA + U or GGA + U have been developed [34] . In the most simple form of GGA + U, an on-site Coulomb repulsion term is added to the Kohn-Sham matrix elements of d and f atomic orbitals. Recently the GGA + U method was applied to study Li ion conductors [28, 29, [35] [36] [37] [38] [39] .
In the present work the effect of the GGA + U method and the D3 dispersion correction on calculated structural properties of 1T-TiS 2 and 1T-LiTiS 2 is studied. Their effect on electronic properties and NMR parameters (quadrupole coupling constant and chemical shift) of 1T-LiTiS 2 and on the activation barriers for 1T-Li x TiS 2 (with x≈1) is also evaluated.
Computational details
All calculations are performed with the plane-wave program package VASP [40] [41] [42] [43] . The projector-augmented wave (PAW) method is used for the core electron representation [44, 45] . The s and p semicore states are treated as valence states for Ti. For sulfur the standard version of the PAW potential is used. After convergence tests, we have used a cutoff energy E cut = 600 eV. A Γ-centered 6 × 6 × 3
Monkhorst-Pack (MP) k-point grid is used for reciprocal space sampling [46] . With these settings, the total energy/cell is converged within 0.001 eV. Smaller MP grids are employed for the supercell calculations. NMR parameters are calculated with a 12 × 12 × 6 MP grid and a cutoff of 1200 eV. Additionally an all-electron PAW for lithium is used for these calculations. The reference for the chemical shift is crystalline LiCl where the shift is calculated for the optimized lattice parameter, 1200 eV cutoff energy and 8 × 8 × 8 MP grid.
The underlying standard GGA functional employed in this study is PBE [47, 48] . PBE energies are corrected for London dispersion effects by the DFT-D3 method [31, 32] and the D-TS approach [33] . The DFT + U method (with U − J = U eff ) introduced by Dudarev [34] is applied to the d orbitals of Ti. The U eff value is optimized to fit the energy difference between diamagnetic and ferromagnetic spin structures of 1T-LiTiS 2 obtained with the hybrid functional HSE06 [49] (with the same accuracy parameters as described above). At 0 K, the ground state has been found to be paramagnetic [21] . As the paramagnetic spin state with randomly distributed atomic spin vectors would require extremely large supercells, usually a ferromagnetic or a simplified antiferromagnetic spin state is used as an approximation. Using PBE without corrections, the diamagnetic (DM) closedshell state is more stable than the ferromagnetic (FM) spin state. This is checked using the accurate tetrahedron method with Blöchl corrections [50]. With HSE06, which is considered to provide a more accurate account of open-shell transition metal compounds [51] , the FM state is 0.2 eV more stable than the DM state. With DFT + U (where U eff = 3.5 eV) this energy difference is reproduced.
Activation barriers for Li ion migration are calculated with the CI-NEB method [52, 53] employing a Li 17 Ti 18 S 36 supercell which corresponds to the composition Li 0.94 TiS 2 . Full frequency calculations were performed in order to verify the saddle point character of the images with highest energy.
Experimental activation barriers
A careful comparison with experimental results is crucial for any theoretical work. This is especially important in the field of ion migration processes in solids. Experimentally activation barriers for ion migration can be obtained with macroscopic and microscopic methods [54, 55] . These cover short and long range transport phenomena at different extents. Therefore the numerical values of the obtained barriers may differ significantly.
With the CI-NEB method, energy barriers for local atomic jump processes are calculated. Comparison of these barriers should therefore be restricted to experimental methods that also describe microscopic processes, e.g. solid-state nuclear magnetic resonance (NMR) spectroscopy. NMR measurements can be performed with various techniques which may provide different activation barriers [24] [25] [26] .
Diffusion-induced peaks of NMR spin-lattice relaxation (SLR) rates both in the laboratory T ρ − measurements for 1T-LiTiS 2 can be found. Each slope results in an activation barrier Q high and Q low , respectively. For 1T-LiTiS 2 Q high turns out to be 0.31 (1) eV and Q low is 0.27 eV for both types of measurements. For the isotropic case and uncorrelated jumps, these barriers are expected to be equal. 1T-LiTiS 2 is a twodimensional ion conductor and therefore Q high is influenced by the dimensionality effect. Non-random, i.e. correlated jumps, would influence Q low due to Coulomb interactions or structural disorder.
At the maxima of the T ρ − peaks yields an activation barrier Q max of 0.48 eV. This result is only presented in the PhD thesis of Wilkening [22] , but can be reproduced using the results in [23] .
For comparison with CI-NEB calculations the activation barrier Q max resulting from the Arrhenius plot of the rate maxima is used. This value represents one atomic jump, being largely independent of details of the diffusion process, as it is the case in CI-NEB calculations.
Results

Structure of 1T-LiTiS 2 and 1T-TiS 2
First we have performed an evaluation of selected dispersion corrections and combinations with on-site U correction in terms of the accuracy of structural parameters of LiTiS 2 and TiS 2 . For these two compounds, which represent the extreme cases of high (x = 1) and low (x = 0) Li contents, experimental reference data are available [4] . The differences between the calculated values of the most critical c lattice parameter from the experimental data are shown in Figure 1 . Deviations for the a lattice parameter are generally smaller and less method dependent. As expected, PBE without dispersion correction strongly overestimates the c lattice parameter of TiS 2 . On the other hand, the c lattice parameter of LiTiS 2 agrees well with the experimental data. The interaction is mainly of electrostatic nature. Augmenting the PBE functional with a dispersion correction improves the overall description of both structures, but leads to an underestimation of the TiS 2 c lattice parameter. PBE + U combined with dispersion correction results in an improvement of the obtained lattice parameters. Differences between D3 and D-TS are about 1 % for LiTiS 2 and negligible for TiS 2 . If PBE + U is used without dispersion correction, the deviation from experiment increases. In general, the c lattice parameter is smaller for the FM state compared to the DM state.
The unmodified PBE method provides accurate lattice parameters for 1T-LiTiS 2 but strongly deviates for x = 1. Thus it cannot be used in studies of the whole intercalation range. Additionally the magnetic ground state obtained with PBE is DM which is not correct at 0 K.
The best results for structural and electronic properties are obtained with the PBE + U-D3 method. The differences between D-TS and D3 are small but D3 provides slightly better agreement with the experimental data. Therefore the D3 method is used for all subsequent calculations. 
Band structure
The band gap of TiS 2 was investigated many times both experimentally [57] [58] [59] [60] [61] [62] [63] [64] [65] and theoretically [5, 11, [66] [67] [68] [69] [70] [71] [72] [73] [74] . Experimental studies suggest that TiS 2 is a semiconductor with a small indirect band gap between 0.18 eV [63] and 0.56 eV [65] .
Theoretically there is still an ongoing debate whether TiS 2 is a semiconductor with a small gap or a semimetal. In this study, we have calculated the band structure of TiS 2 with PBE, PBE + U and the hybrid method HSE06 assuming experimental lattice parameters [75] . The HSE06 calculations were performed with a 6 × 6 × 6 MP grid and a cutoff of 600 eV (the same as for PBE and PBE + U) and the same energy convergence criteria. The resulting band structures are given in Figure 2 . The unmodified PBE method predicts a metallic ground state for TiS 2 . With PBE + U an indirect band gap of 0.19 eV is obtained which is in good agreement with experimental data. The HSE06 calculation yields an indirect gap of 0.55 eV. The general shapes of the bands obtained with these three methods are similar. The indirect band gap predicted by PBE + U and HSE06 results from a sulfur p band at Γ and a titanium d band at L. A direct band gap of 0.76 eV (PBE + U) and 1.15 eV (HSE06), respectively, is obtained at the Γ point.
Typically the U eff value is optimized to fit the experimental gap or the one obtained from high quality calculations (e.g. hybrid or quasi-particle calculations). We would like to state that, in the present case, the optimization of U eff value to the FM-DM energy difference obtained with a hybrid method leads to a band gap in good agreement with experiment. The indirect band gaps obtained with both PBE + U and HSE06 are within the experimental range of 0.18-0.56 eV. 7 
NMR parameters for
Li of 1T-LiTiS 2
Activation energies obtained from the CI-NEB calculations are compared with values obtained by NMR experiments. As an additional test, we have also compared the calculated NMR parameters with experimental data. Experimental quadrupole coupling constants C q were taken from the work of Bredow et al. [14] and chemical shifts Δδ( 7 Li) from the PhD thesis of Küchler [76] . A comparison between theory and experiment is given in Tables 1 and 2 .
The calculations are performed for both DM and FM states in order to investigate the effect of the spin state on magnetic properties. (C) TiS 2 band strucure from HSE06.
Energy / eV The calculations were performed with optimized lattice parameters and atomic positions.
The calculations for the chemical shift Δδ (   7 Li) are performed with the fully optimized structures. The reference material for the theoretical calculations was crystalline LiCl whereas in experiments the shift was measured with respect to a 1 M LiCl solution. The difference between those two states is however only −1.1 ppm [77] and therefore the introduced error is small.
The experimental shift for 1T-LiTiS 2 is 2.5 ppm [76] . Closest agreement is achieved with PBE + U-D3 (DM) which overestimates this value by 9 ppm. All other methods result in deviations larger than 20 ppm.
The chemical shift obtained with PBE + U-D3 in the DM state is in much better agreement than the corresponding result for the FM state (Δ = + 24 ppm). This is reasonable as these measurements are performed above 100 K where the material is diamagnetic.
Li ion migration in Li 0.94 TiS 2
In 1T-Li x TiS 2 Li ion migration from an octahedral 1b site to a neighboring empty 1b′ site can occur via two different pathways (Figure 3) . The first pathway is accomplished via the interstitial tetrahedral (Tet) site (1b→2d→1b′). This pathway was proposed for Li 0.7 TiS 2 by Wilkening and Heitjans [56] . The second possibility is a direct migration via the center of the sulfur octahedron edge connecting 1b and 1b′ (Oct). This migration pathway was considered for Li 0.88 TiS 2 in a previous study of Islam and Bredow [18] .
Since our calculations show that a tetrahedral site is not a local minimum for lithium in Li 1.0 TiS 2 , we started the Li migration calculation by introducing one Li vacancy in our model, a 3 × 3 × 2 supercell (Li 17 Ti 18 S 36 corresponding to Li 0.94 TiS 2 ). Since the deviation from x = 1 is small, we expect the obtained migration barrier to be comparable to experimental values obtained for Li 1.0 TiS 2 . Larger supercells are required to further increase x towards 1.0. This however strongly increases the computational costs and was not possible with available computer resources. Since the distance between equivalent Li sites is 10.5 Å in the 3 × 3 × 2 supercell, we assume that defect-defect interactions are negligible.
The Oct minimum energy pathway (MEP) is shown in Figure 4 . The energy maximum (image 2) corresponds to a structure where the migrating Li is located in the center between two sulfur atoms as shown in Figure 3 . For PBE (solid lines), the MEP is almost unaffected by the spin state. In contrast, the energy curves for PBE + U-D3 show a pronounced difference between the DM and FM states. For the DM state the maximum energy of PBE + U-D3 is lower than PBE by 0.1 ∼ eV. The FM state shows the opposite behavior. However, frequency calculations of the maximum energy structures reveal that the obtained structures for image 2 are not transition states. Two imaginary frequencies are obtained and therefore this migration pathway will not be considered any further. Thus -in contrast to considerations of previous studies [18] -the present results indicate that a direct migration pathway is not likely for x≈1.
The Tet MEP is shown in Figure 5 with PBE + U-D3 in the FM state is a result from a spin transfer between neighboring Ti atoms during the CI-NEB calculation which will not be observed in experiments at room temperature due to the diamagnetic nature of LiTiS 2 under these conditions. Van der Ven et al. [16] calculated a considerably larger barrier of 0.7 eV for the Tet migration pathway at LDA level. This method provides reasonable structure parameters for LiTiS 2 similar to PBE. However, it is well known that LDA tends towards overbinding which could explain the larger barrier.
In section 3 'Experimental activation barriers', we have given a detailed explanation regarding the choice of the experimental barrier for comparison with theory. The barrier Q max = 0.48 eV obtained from the maxima of the 
Summary
Structural, electronic and spectroscopic properties of LiTiS 2 with various lithium amounts were studied with PBE and PBE + U approaches using dispersion corrections D3 and D-TS. The structural properties for LiTiS 2 are well described with every tested method. For lower lithium contents PBE fails to describe the c lattice parameter correctly, whereas with PBE and PBE + U (U eff = 3.5 eV) including dispersion correction the deviations are less than 1 % independent of the dispersion correction scheme. The best agreement with the experimental structure of LiTiS 2 and TiS 2 is obtained using the PBE + U-D3 method with a maximum error of 3 %.
The band structure calculations for TiS 2 have shown that PBE does not provide a correct picture of the electronic properties of TiS 2 as it predicts a diamagnetic ground state. The same ground state is also obtained for Li x TiS 2 for x = 1. PBE + U provides a band gap which is in good agreement with experimental data although the U parameter has not been optimized for this property. We expect that this method would provide a good account of the electronic properties of Li x TiS 2 in the full range between 0 and 1. NMR parameters calculated with PBE are also not satisfying in comparison to experimental data, in particular if the effects of Li content are considered. Absolute C q values and trends with decreasing x obtained with PBE + U-D3 are in good agreement with experiment for both DM and FM states. At variance, only the chemical shift Δδ( 7 Li) calculated in the DM state is in agreement with available experimental data.
For Li ion migration in Li x TiS 2 with x≈1, we have shown that only one migration pathway exists where the Li ion migrates via the tetrahedral position. The activation energy calculated with PBE + U-D3 in the diamagnetic state is 0.40 eV This is in good agreement with the experimental reference value Q max of 0.48 eV. The activation energies obtained with the PBE based calculations (0.42, 0.45 eV) are much lower than previously calculated barriers at LDA level (0.7 eV) [16] . This is partly attributed to the well known overbinding of the LDA approach.
From the present results we conclude that both applied correction schemes, i.e. the dispersion correction and on-site Coulomb repulsion are important. Dispersion correction significantly improves the calculated structure parameters, in particular for x→0. The on-site Coulomb repulsion term U improves the calculated electronic properties and NMR parameters. The calculated electronic ground state at 0 K is ferromagnetic. However, a diamagnetic spin state should be used for the calculation of lattice parameter, NMR parameters and migration barriers, as experiments are mostly performed at room temperature at which Li x TiS 2 shows diamagnetic state.
